Recent studies demonstrated that PNZIP and its homologs encode a special cyclase and play an important role in chlorophyll biosynthesis in higher plants. To investigate the molecular mechanism governing the PNZIP gene, the PNZIP promoter was isolated and analyzed. Deletion analysis indicated that G-box is an important element in the regulation of the reporter gene expression. Further mutation assay demonstrated that G-box and GATA CT elements are necessary and sufficient for the high and tissue-specific expression of the GUS gene. Using yeast one-hybrid screening, we have isolated a novel tobacco bZIP protein, NtbZIP, which can specifically recognize the G-box of the PNZIP promoter. The NtbZIP protein shares a limited amino acid homology to Arabidopsis ABI5 and AtAREB1 and very low homology to other bZIP proteins. Northern blot analysis showed that the NtbZIP gene is not induced by exogenous ABA and is expressed in different tobacco organs. Cotransformation assays showed that the NtbZIP protein could activate the transcription of the GUS gene driven by the PNZIP promoter. Transgenic tobaccos analysis demonstrated that constitutively expressing antisense NtbZIP gene resulted in a lower NTZIP synthesis and reduced chlorophyll levels. We suggest that NTZIP is a target gene of NtbZIP, which is involved in the regulation of chlorophyll biosynthesis.
INTRODUCTION
Photosynthesis is the most important source of energy on the earth, and chlorophyll molecules play a central role in harvesting light energy channeled for photosynthesis. Chlorophyll, as a component of chloroplast, is bound to proteins of the photosynthetic membranes to harvest sunlight (1) .
Chlorophyll production starts with the condensation of eight molecules of d-aminolevulinic acid (ALA) to uroporphyrinogen III, the first cyclic tetrapyrrole. Then, uroporphyrinogen III is converted to protoporphyrin IX, which is the branch point between hemes and chlorophylls. Insertion of Mg ions into protoporphyrin IX by Mg chelatase results in the formation of Mg-protoporphyrin IX (MgP); then MgP is converted to MgP monomethyl ester (MgPMME) by a methyl transferase (2, 3) . MgPMME is next converted to divinyl protochlorophyllide (Pchlide) harboring the fifth ring characteristic of all chlorophylls by the cyclase reaction. In angiosperms, Pchlide is converted to chlorophyllide a by NADPH-Pchlide oxidoreductase and then a polyisoprene tail is added to finish chlorophyll a production through the light-dependent pathway.
Since chlorophyll is the principal pigment that traps light energy, the biosynthesis of chlorophyll has presented a number of challenging topics in the field of plant molecular biology (4) . To date, many studies have explored the mechanism of biosynthesis of chlorophyll both in higher plants and in photosynthetic organisms. Many genes involved in biosynthesis of chlorophyll, including xantha-f, xanfha-g, xanfha-h, bchl, bchH and Chl I (5-8), have been isolated and characterized from photosynthetic organisms such as algae, bacteria and higher plants.
Chlorophyll biosynthesis has been extensively studied by genetic methods, and nearly all the enzymes have been identified at the molecular level in higher plants. One of the least understood enzymatic steps is the formation of the isocyclic ring, which is catalyzed by the Mg-protoporphyrin IX monomethyl ester (MgPMME) cyclase that is involved in the conversion of MgPMME to protochlorophyllide (Pchlide). We previously isolated and characterized a novel gene from the short-day plant Pharbitis nil that encodes a protein with a leucine zipper motif, designated PNZIP (pharbitis nil leucine zipper). PNZIP is a single copy gene that is expressed specifically in photosynthetically active mesophyll cells but not in other nonphotosynthetic tissues such as epidermis, trischomes and vascular tissues (9) . Two years later, two PNZIP homologs, Crd1 (copper response defect gene) from a green alga and AcsF (aerobic cyclase system Fe-containing subunit gene) from a photosynthetic bacterium were characterized by mutant analysis (10, 11) . Crd1 was identified as a putative diiron enzyme required for photosystem I accumulation in copper deficiency (10) . AcsF, in purple bacteria Rubrivivax gelatinosus, has been proven to be involved in the aerobic oxidative cyclization of Mg-Protoporphyrin IX mono-methyester, one of the intermediates in the synthesis of bacterio-chlorophyll (11) . These results suggest that this class of genes might be involved in biosynthesis of photosystem components in bacteria and algae. Recently, three PNZIP homologs have been isolated and identified from higher plants. CHL27 encodes a protein that is required for the synthesis of protochlorophyllide in Arabidopsis and was proven to be a candidate subunit of the aerobic cyclase in chlorophyll biosynthesis (12) . NTZIP from tobacco was characterized by the antisense RNA strategy, and the results indicated that the NTZIP gene plays a vital role during chlorophyll biosynthesis in tobacco (13) . Xantha-l from barley encodes a membrane subunit of the aerobic Mg-protoporphyrin IX monomethyl ester cyclase involved in chlorophyll biosynthesis (14) . Taken together, these results indicate that PNZIP and its homologs encode a special cyclase that is involved in the conversion of MgPMME to protochlorophyllide (Pchlide) and play an important role in chlorophyll biosynthesis in higher plants.
To our knowledge, there have been no reports about the regulatory mechanism for the genes encoding cyclases in chlorophyll biosynthesis. Therefore, corresponding research on the regulation of this class of genes is necessary to further elucidate the regulatory mechanism. Tobacco, an important model plant, has been widely used as a heterologous system to study promoters and genes from other plants that may be more difficult to work with (15) (16) (17) . In this study, we isolated the PNZIP promoter and used tobacco to analyze the cis-element and the transcription factors required for the high and tissuespecific expression of the PNZIP gene. We demonstrated that G-box and GATACT elements in the PNZIP promoter are sufficient to control the expression of the GUS reporter gene. Moreover, we have isolated a novel bZIP transcription factor, NtbZIP, interacting with the G-box of the PNZIP promoter, and observed that it can transactivate the reporter gene expression in transgenic tobaccos. Importantly, we demonstrated that NTZIP is a target gene of NtbZIP, suggesting its special function in regulation of chlorophyll biosynthesis.
MATERIALS AND METHODS

Plant materials and growth conditions
Tobacco (Nicotiana tabacum L. cv. NC89) seedlings grown in a growth chamber at 258C with a 16-h light/8-h dark cycle (450 mmol photons m -2 s -1
) were used in this experiment. All plants were harvested at similar developmental stages.
Isolation of the 5'-upstream sequences of the PNZIP gene
The 5 0 -upstream region of the PNZIP gene was obtained using the Universal Genome Walker kit (CLONTECH, Palo Alto, CA, USA). First, separate aliquots of genomic DNA were digested with three blunt-end restriction enzymes (EcoRV, DraI and ScaI), and ligated to genome walker adaptors. Primary PCR was performed using adaptor primer 1 (AP1) and a PNZIP cDNA specific primer (5 0 -CTGCGACGTGGTGGCCCTCGAC AT-3 0 ). The second PCR was performed using adaptor primer 2 (AP2) and the same PNZIP cDNA specific primer. The amplified PCR products were examined on an agarose gel, and subcloned into the pGEMT-T easy vector, and then sequenced. The plasmid construct harboring the PNZIP gene promoter region was designated as PN-1.
Identification of the PNZIP gene transcription start site
To identify the PNZIP gene transcription start site, 5 0 -RLM-RACE, based on RNA ligase-mediated and oligo-capping rapid amplification of cDNA, was carried out by using the GeneRacer TM kit (Invitrogen, Carlsbad, CA, USA). This kit ensures amplification of only fulllength mRNA by elimination of truncated molecules from the amplification process. Briefly, total RNA was treated with calf intestinal phosphatase (CIP) and then full-length mRNAs was decapped with tobacco acid pyrophosphatase (TAP). An RNA oligonucleotide was liagated to the full-length decapped mRNAs. Then, ligated mRNAs was reverse transcribed with Oligo-dT primer and SuperScript TM II RT (Invitrogen). Finally, the 5 0 -cDNA end was amplified by nested PCR with two PNZIP gene specific primers (RA1:5 0 -CGAAGTGGGT CTGGTTGTAGT-3 0 , RA2: 5 0 -CTGGAGAACTCTCAA CTCGGAGT-3 0 ). The amplified PCR products were cloned into the pGEMT-T easy vector and sequenced.
Tobacco transformation
The different expression vector plasmids were transferred into Agrobacterium tumefaciens LBA4404 by electroporation and then transformed into tobacco by the leaf-disc method described by Horsch et al. (18) . Transformed plants were selected on MS medium containing 100 mg/ml kanamycin and 250 mg/ml carbenicillin. After regeneration (3 to 4 weeks), shoots were transferred to root-inducing medium for 2 to 3 weeks and then transferred to a greenhouse to generate T 0 plants. T 1 plants were obtained by in vitro sowing surface-sterilized seedlings of the inbred T 0 plants on MS medium containing 100 mg/l kanamycin to select transformed resistant plants.
Construction of reporter plasmids
All plasmids for expression assays were constructed on a pBI121 vector (Clontech, Palo Alto, CA, USA) as the backbone, with the replacement of the CaMV 35S promoter sequence. A series of 5 0 -deletion mutations of the PNZIP promoter were generated by PCR amplification from plasmid PN-1 using different forward primers and a single downstream primer. These forward primers were P1, P2, P3, P4, P5 and P6, whereas the downstream primer was designated as P7. The full-length and five deleted derivatives were cloned into the pGEM-T easy vector and sequenced; then different length fragments cut by HindIII and BamHI were inserted into the pBI121 vector, replacing the CaMV 35S promoter. The resultant plasmids were named Q1, Q2, Q3, Q4, Q5 and Q6, according to the position at the 5 0 -end, respectively. The primers used are shown in Table 1 .
To construct plasmids for 3 0 -deletion mutations, the regions from -1415 to -115, -1415 to -375, -1415 to -570 and -1415 to -1090 of the PNZIP promoter were amplified by PCR from plasmid Q1 using different downstream primers (D1, D2, D3 and D4) and a single upstream primer (P1). The corresponding PCR products were cloned into the pGEM-T easy vector and sequenced, and then the different length fragments were cloned into the HindIII/NcoI sites of the Q6 construct, respectively. The resultant plasmids were named N1, N2, N3 and N4, respectively. The primers used are shown in Table 1 .
In order to construct chimeric promoters containing different deleted fragments of the PNZIP promoter and 90-bp CaMV 35S promoter, we first inserted CaMV 35S promoter into the HindIII/BamHI site of the pUC118 vector. Next, the regions from -1415 to -115, -1415 to -375, -1415 to -570 and -1415 to -1090 of the PNZIP promoter were cloned into the HindIII/EcoRV sites of the recombinant pUC118 vector following the method described above, respectively. Then, different recombinant plasmids were digested by HindIII and BamHI and the released fragments were cloned into the corresponding site of the pBI-101. Corresponding plasmids were designated as 90-N1, 90-N2, 90-N3 and 90-N4, respectively.
To construct chimeric promoters containing different copies of GAAATA element and the region from -133 to +1 of the PNZIP promoter, we first synthesized 4, 3, 2 and 1 copies of GAAATA element which contains a potential HindIII site, respectively. The sense and antisense oligonucleotide sequences were as follow:
(n = 1-4). Corresponding oligonucleotides were annealed and cloned into the HindIII site of the Q5 vector. The normal orientation clones were verified by PCR and sequencing, and the corresponding vectors were named as E1, E2, E3 and E4, respectively.
Construction of expression plasmids
To construct plasmids for expressing the NtbZIP protein, the NtbZIP cDNA fragment was prepared by PCR from tobacco cDNA using primers YF1 and YF2. The PCR products were cut by EcoRI and SalI, and corresponding products were cloned into the EcoRI and SalI sites of the pET-30a to generate the pET-NtbZIP construct. The primer sequences were as follows: YF1, 5 0 -GAATTCAT GAACTTCAAGAACTTTGC-3 0 (EcoRI was introduced into the 5 0 -end) and YF2, 5 0 -GTCGACCTACCAAGGTC CTGTTAGTGT-3 0 (SalI was introduced into the 5 0 -end). To construct the effector plasmids used in the transient transactivation experiment, the NtbZIP cDNA was excised by BamHI and SalI from pET-NtbZIP, and then the DNA fragment containing the NtbZIP coding regions was cloned into a modified pBI121 vector, and the corresponding clone was named 35S-NtbZIP. In order to construct expression vector harboring the antisense NtbZIP gene, we inserted partially nonconserved NtbZIP cDNA region into the modified pBI121 vector in reverse orientation under control of the CaMV35S promoter and the nopaline synthase 3 0 -termination sequences. All of the above constructs were sequenced to avoid error by PCR.
Site-directed mutagenesis analysis
Base mutations were carried out using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). The Q5-U-M construct (containing the mutated G-box) and the Q5-D-M construct (containing the mutated GATACT element) were obtained according to the manufacturer's manual. The primers used were as follows:
0 . The mutant sites are underlined.
GUS activity assays and histochemical staining
One hundred to 200 mg of plant materials were ground in extraction buffer consisting of 50 mM sodium phosphate, pH 7.0, 10 mM 1, 2-diaminocyclohexane-N, N, N, N-tetraacetic acid, 0.1% Triton X-100, 10 mM 2-mercaptoethanol and 0.1% sodium lauryl sarcosine. After centrifugation for 10 min (12 000 g) at 48C, the supernatant was collected. Protein concentrations were determined by the method of Bradford (19) and fluorometric GUS assays were performed as previously described (20) . GUS activity was histochemically detected according to Jefferson et al. (20) . Hand-cut sections or the whole tissues were incubated in a solution of 1 mM X-gluc in 50 mM sodium phosphate (pH 7.0) for 1-12 h at 378C. 
Green tissues of tobacco seedlings were cleared of chlorophyll by incubation in 70% ethanol. The samples were observed and photographed with a microscope.
RT-PCR analysis of the GUS gene expression
Total RNA was extracted from by using the RNase Plant Mini Kit (Qiagen, Hilden, Germany) and was treated with RNase free DNase-I to remove genomic DNA. Then, the first-strand cDNA was synthesized with SuperScript TM II RT (Invitrogen). The transcription products were amplified by PCR using the GUS gene primers (5 0 -GCAACT GGACAAGGCACT-3 0 , 5 0 -GCGTCGCAGAACATTAC A-3 0 ) and histone gene primers (5 0 -GATTTTGTAGTTC AAGATTA-3 0 , 5 0 -AATAGAATAACTCCATAAAG-3 0 ). The tobacco histone gene was used as a standard control in the RT-PCR reactions. The PCR experiment has been repeated at least three times.
Electrophoretic mobility shift assays (EMSAs)
The preparation for nuclear extract from tobacco leaves was carried out as previously described (21) . The digoxigenin (DIG) gel shift (Roche, Mannheim, Germany) was used for protein-DNA binding assays. Synthetic oligonucleotides (only the sense strand is shown) containing four copies of the GAAATA element and four copies of the G-box of the PNZIP promoter for EMSA were as follows:
The oligonucleotides were annealed, labeled and used in the gel-shift reactions according to the manufacturer instructions. To confirm the specific of protein-DNA complexes, the mutated tetrameric G-box (5 0 -[GCCGTTATTC] 4 -3 0 ) and GAAATA element (5 0 -[GTACACAA] 4 -3 0 ) were used as nonspecific oligonucleotides, respectively. The mutant sites are underlined. Reactions were incubated at room temperature for 15 min and the resulting protein-DNA complexes were electrophoresed in 6% native polyacrylamide gel. After electrophoresis, the gel was transferred to a nylon membrane by electro-blotting. Nylon membranes were rinsed briefly in washing buffer, and incubated for 30 min in anti-Digoxigenin-AP (1:10 000) for 30 min. Then the membranes were equilibrated and were placed on hybridization bag and CSPD working solution was applied. Finally, the membranes were exposed to X-ray film for 40 min.
Yeast one-hybrid screening
Yeast one-hybrid screening was performed to isolate genes encoding proteins associated with the G-box of the PNZIP promoter. To construct the bait plasmid, three copies of the G-box of the PNZIP promoter were synthesized and inserted into the EcoRI/MluI site of the pHIS 2 vector, and the corresponding construct was named G-pHIS 2 . Next, the appropriate concentration of 3-AT was determined. Tobacco cDNA libraries were prepared from tobacco leaves using BD SMART TM cDNA synthesis. We cotransformed yeast strain Y187 with doublestrand cDNA, pGADT7-Rec2 and G-pHIS 2 , and restreaked the yeast cells on SD/-His-Leu-Trp + 15 mM 3-AT plates. The yeast screening procedure was performed according to the manufacturer's protocol (CLONTECH Matchmaker one-hybrid system).
Southern blot analysis
DNA was extracted from leaf tissue using the procedure described by Zheng et al. (9) . Ten micrograms of genomic DNA was digested with HindIII, EcoRV and EcoRI, then separated on a 1% agarose gel, and blotted onto a Nytran membrane. The NTbZIP cDNA fragment was labeled by the random priming method and used as a probe. Hybridization was performed at 658C in a solution of 0.05 M sodium phosphate (pH 7.0), 5Â SSC, 5Â Denhart's solution, 0.2 mg/ml sheared denatured salmon testes DNA (type III, Sigma) and 0.2% SDS. After the blot had been washed three times with 0.1Â SSC, 0.1% SDS at 55, 60 and 658C, autoradiography was performed at -808C using a Kodak X-ray film with one intensifying screen for 2 days.
Northern blot analysis
RNA extraction and RNA gel-blot hybridization were carried out as previously described by Zheng et al. (9) . Total RNA (20 mg/lane) was separated on 0.8% formaldehyde agarose gel and blotted onto a Nytran membrane. Blots were hybridized as described above and washed three times for 20 min at 55, 60 and 658C with 0.2Â SSC and 0.1% SDS solution, then exposed to X-ray film for 3 days.
6Â His-tagged protein expression and purification
To obtain the NtbZIP protein, we transformed pET-NtbZIP into Escherichia coli BL21 (DE3), and recombinant proteins were expressed and purified by nickel--nitrilotriacetic acid agarose (Ni-NTA) affinity chromatography according to the protocol (Qiagen, Hilden, Germany). Then recombinant proteins were dialyzed in 20 mM HEPES-KOH, pH 7.9, 1 mM MgCl 2 , 50 mM KCl, 1 mM DTT, 20% glycerol and 0.02% NP-40 overnight. The recombinant proteins were concentrated and stored at -708C.
Transactivation experiment with tobacco leaves
Transient expression analysis in tobacco leaves was performed by a minor modification of the method described by Wu et al. (22) . To determine the effect of different copies of the GAAATA element on the activity of Q5, Plasmid 35S-LUC, which contains the luciferase reporter gene driven by the constitutive CaMV 35S promoter, was used as the internal control to normalize GUS activities of the reporter construct. One microgram of different reporter plasmids and 30 ng of internal control plasmid were cobombarded into tobacco leaves, respectively. To detect whether NtbZIP can regulate the activity of Q5, three types of DNA constructs were used in the transient expression experiments: reporter, effector and internal control. Plasmid Q5 and Q5-U-M were used as the reporter construct; plasmid 35S-LUC was used as an internal control; plasmid 35S-NtbZIP was used as an effector; 35S-GFP or 35S-DREB1 was used as effector control. One microgram of reporter plasmid, 1 mg of the effector plasmid or effector control and 30 ng of internal control plasmid were co-bombarded into tobacco leaves. After particle bombardment, the tobacco leaves were incubated in MS medium for 24 h, and then the total proteins were collected. LUC assays were performed using the Luciferase Assay System (Promega, Madison, WI, USA). All the GUS values were normalized to the corresponding LUC values.
Subcellular localization analysis of the NtbZIP-GFP protein
Plasmid NtbZIP-GFP was constructed to investigate the subcellular localization of NtbZIP in onion epidermal cells. A full-length NtbZIP ORF without the termination codon was prepared by PCR amplification using the tobacco cDNA as a template. Two NtbZIP gene-specific oligonucleotide primers (5 0 -GGATCCATgAACTTCAA gAACTTTgC-3 0 and 5 0 -GGATCCCTACCAAGGTCCT GTTAGT-3 0 ), both containing BamHI sites, were synthesized to amplify the NtbZIP gene ORF. The PCR products were digested with BamHI, and inserted into the BamHI site of the pBI121-GFP, so as to be fused inframe to the N-terminal end of the GFP coding sequence. The PCR products described above were verified by sequencing. The plasmid NtbZIP-GFP and the control plasmid GFP were introduced separately into the onion epidermis cells by particle bombardment. The transformed cells were cultured on the MS medium at 288C for 16 h and observed under a confocal microscope.
Determination of chlorophyll content
The chlorophyll a and chlorophyll b of tobacco leaves at the same developmental stage were extracted with 80% (V/V) acetone and measured by the method as previously described (13) . Absorbance was recorded at 664 and 647 nm using a Shimadzu UV-1601 spectrophotometer (Shimadzu, Tokyo, Japan).
Determination of MgPMME and Pchlide content
Plant material (100--200 mg) was weighed and ground in liquid nitrogen, and then the powdered sample were suspended with acetone/H 2 O/37% NH 3 (80:20:1, v/v/v) under dim light at 48C. After centrifugation for 15 min at 20 000 g (48C), the supernatant was extracted three times with hexane and were kept in dark at 48C. Then, MgPPE and Pchlide were isolated according to the methods as previously described (23, 24) . The pigment contents were identified and quantified by their absorption and fluorescence spectrometer (Shimadzu, Tokyo, Japan) compared with standards (Frontier Science, Logan, UT). The excitation (Ex) and emission (Em) for MgPPE and Pchlide were: MgPPE, Ex 418 nm and Em 595 nm; Pchlide, Ex 440 nm and Em 633 nm. Fluorescence intensity of the extract was normalized to the total fresh weight for each sample.
RESULTS
Sequence analysis of the PNZIP promoter
To characterize the regulatory mechanisms controlling transcription of the PNZIP gene, we isolated its 5 0 -upstream region. Figure 1 shows the sequence of the 5 0 -upstream region of the PNZIP gene, which extends into the 5 0 -untranslated region (GenBank accession no. AF373414). In order to identify the PNZIP gene transcription start site, 5 0 -RLM-RACE was performed. The amplified fragments (about 300 bp) were then cloned into the pGEM-T vector, and 15 independent clones were sequenced to determine the 5 0 -end of the products. Sequence analysis showed the PNZIP gene has only one transcription start site, and the transcription begins at an adenine residue located 122 bp upstream of the translational start site, which conforms to the principle of the transcription start site in plant genes (25) . The putative TATA-box and CCAAT-box were located at position -30 and position -96, respectively, from the transcriptional start site. In the upstream region, a perfect palindromic G-box, the target-binding site of plant basic leucine zipper proteins (26) , was found at -110 to -100 from the transcriptional start site. In addition, an AT-1-box-like sequence, Box-II (27,28) and a 3-AF1 binding site (29) were also observed in the PNZIP promoter. Also, two GATACT elements were observed to be located at positions -278 and -54, and four GAAATA elements were found at positions -1007, -943, -446 and -184 in the promoter sequence, respectively, suggesting that the two kinds of putative motifs might regulate gene expression.
The PNZIP promoter can specifically drive reporter gene expression in photosynthetic tissues
The spatial expression pattern of the PNZIP promoter was examined in transgenic tobacco plants. The fulllength promoter sequence was fused with the GUS gene and introduced into tobacco via Agrobacterium-mediated transformation. The primary transformants were first verified by PCR analysis before being transferred into a greenhouse. Histochemical analysis of T 1 generation tobacco seedlings harboring the full-length promoter showed that blue staining was exclusively located in mesophyll cells, but no GUS staining was detected in roots ( Figure 2A and B) , which was in agreement with the expression patterns of PNZIP mRNA in Pharbitis nil seedlings (9) . In addition, we also examined the GUS activity and GUS mRNA accumulation in different transgenic tobacco organs. The results showed that there were the highest GUS activity and mRNA level in the leaf and very low activity and transcripts in the root, fruit and flower, further confirming that the PNZIP promoter is tissue-specific ( Figure 2C ).
Identification of several positive elements in the PNZIP promoter by deletion analysis
To determine the specific region that is involved in PNZIP gene expression, a series of 5 0 -deletions in the PNZIP promoter was constructed ( Figure 3A ) and the corresponding ACATGGGGAT GAGGCAGGGT ATGAGTGCTT TGCTTTTTTT TTTTGGTTAA AATTTTTTCC TCCAGGTTGA Box-II   GATCCTCTCT CAGATTCGAA TTGAGTAATT GCTATGCATT ATACCTACAC TCAGCCTTTC GATGAGTTGT  CTCGGGGGTT TTGCAGTTTG ATACATGGAT TGATGGAGTA TTAAGATGTT TGTTTATGGA GATAAAAGTG  TTGAGCATTC ATATTTGTTG GATTTGGCTC ATTAGTAATG TGAAGGAGAG GACACAACTT TGTTGAAAAT  ACAACATTGT TATATATGGC ACCAAACAAT TTCTAGTATA GGGATAACCT TAGTCAAGTT AATTAGGTTG  TTGATTTAAT AACTATAAGG AATGATCAAT TGACCTTTAT GGTTTGAGCC GAGAAATACT transgenic tobaccos were regenerated. As shown in Figure 3B , deletion of the region between -1415 and -1086 with Box-II resulted in a 17.2% decrease of GUS activity in leaves and an 18.7% decrease in stems compared with the full-length promoter construct (Q1). Deletion of the region between -1086 and -665 containing two GAAATA elements and a 3-AF1 binding site gave rise to a 37.6% decrease of GUS activity in leaves and a 30.3% decrease in stems compared with construct Q2. However, deletion of the region between -665 and -379 harboring two GAAATA elements resulted in a 49.9% decrease of GUS activity in leaves and a 35.1% decrease in stems compared to those of construct Q3. Removal of the region between -379 and -133, which contained a GA AATA element, an AT-1 like box and a GATACT element, gave rise to a 68.1% decrease of GUS activity in leaves and 48.2% in stems compared with construct Q4. When we deleted the promoter to the position -100, GUS activities in the leaf and stem were nearly undetected, suggesting that the region between -133 and -100 carrying a G-box (5 0 -CACGTG-3 0 ) is essential for high expression of the GUS reporter gene. Taking these results together, we suggest that the combination of the GAAATA element, AT-1 like box, GATACT element and G-box may play an important role in the regulation of the high-level expression of the PNZIP gene.
To further confirm these motifs play crucial roles in the full-length PNZIP promoter, a series of internal deletion constructs was produced ( Figure 3C ). In the absence of the region between -115 and -83, the activity of GUS activity in transgenic leaves decreased greatly and the expression pattern of the reporter gene was changed. A progressive decline of GUS activity in leaves was observed in constructs N2, N3 and N4, respectively, implying that some positive regulatory element is likely to be located in the region between -1415 and -115, which is in agreement with the 5 0 -deletion results ( Figure 3D ). These results strongly suggest that the G-box is an important element that is responsible for the high and specific expression of the PNZIP gene, and the other elements display positive characteristics in the regulation of the PNZIP gene.
The upstream sequence of the PNZIP promoter can activate the 35S minimal promoter
To further test whether the region between -1415 and -115 can activate a heterologous promoter, we fused several With the increase of the length of the promoter internal deletion, a progressive decline in the GUS activities both in roots and in leaves was observed. When we removed one AT-1 like and one GAAATA element in 90-N2, the GUS activity decreased by 37.1% in leaves and 43.5% in roots compared with 90-N1. Further deletion of two GAAATA elements resulted in a 21.4% decrease of GUS activity in leaves and a 21.3% decrease in roots compared with 90-N2. Finally, when the last two GAAATA elements were deleted, the GUS activity decreased by 40% in leaves and 37% in roots compared with 90-N3 ( Figure 4B ). These results indicate that the GA AATA element may be a positive element in the PNZIP promoter.
The GAAATA element is a positive element in the PNZIP promoter
To examine the presence of nuclear factors such as DNA-binding proteins bound to the GAAATA element specifically, we conducted EMSA using nuclear extracts from tobacco leaves. Synthetic oligonucleotides containing four copies of the GAAATA element were prepared and labeled with 32 P by polynucleotide kinase, then incubated with nuclear extract prepared from tobacco leaves. As shown in Figure 5A , one major shifted band was formed that was competed out by 200 and 500 molar excess of unlabeled GAAATA element but not with 500 molar excess of unlabeled mutated GAAATA element, suggesting that the band is due to the binding of a sequencespecific protein, which is consistent with the functional identification of the sequence as a regulatory element.
In order to further explore whether the GAAATA element is a positive element in the PNZIP promoter, the oligomerizations of the GAAATA element were fused directly to the Q5 construct in a single copy or in tandem repeat arrays, respectively ( Figure 5B ). As shown in Figure 5C , oligomerizations of the GAAATA element (one to four tandem repeats) could all enhance the GUS activity of the Q5 construct in transient expression assays with tobacco leaves, and the four copies in the tandem repeat of the GAAATA element yielded higher GUS activity than the other repeats. Together, these results indicated that the GAAATA element is a positive element in the PNZIP promoter.
G-box and GATACT elements are necessary for the high expression of the PNZIP gene
As shown in Figure 3A , construct Q5, containing the fragment from -133 to +1 of the PNZIP promoter, was still able to drive the specific expression of the reporter gene, indicating that some cis-elements in this region may play important roles. Sequence analysis revealed that in addition to the CAAT-box and TATA-box, a G-box and a GA TACT element that is very similar to the I-Box (5 0 -GATA AG-3 0 ) (31) exist in this region ( Figure 6A ). To investigate whether the G-box and GATACT elements are involved in the expression of the PNZIP gene, we carried out mutation analysis. When the GATACT element was mutated in the region between -133 and +1, the GUS activity in roots was increased by more than 2-fold, whereas the GUS activity in leaves was reduced about 1.4-fold. When we mutated the G-box in the region between -133 and +1 of the PNZIP promoter, the GUS activities in leaves dropped markedly, whereas the GUS activities in roots increased significantly ( Figure 6B ). These results demonstrated that the G-box and GATACT elements are necessary and sufficient to confer the high expression of the PNZIP gene.
Isolation of cDNAs encoding DNA-binding proteins that interact with the PNZIP promoter
It has been proposed that the G-box element serves as a binding site for the transcriptional activator, and multiple proteins with distinct G-box DNA-binding specificities have been identified in several plant species (32, 33) . In order to isolate new transcription factors that can interact with the G-box of the PNZIP promoter, we carried out yeast one-hybrid screening of a tobacco leaf cDNA library using three tandem copies of G-box in the PNZIP promoter as the target binding sequence. 220 positive colonies from selective-medium plates (SD/-His-Leu-Trp +15 mM 3-AT) were obtained. When the concentration of 3-AT was increased from 15 to 80 mM, one clone growing normally on SD/-His-Leu-Trp + 60 mM 3-AT plates was isolated. Sequence analysis indicated that this cDNA encodes a protein with a bZIP DNA-binding domain. Using a BD SMART TM RACE kit, the full-length cDNA sequence of the bZIP protein was obtained, and the gene was designated as NtbZIP.
The NtbZIP cDNA contains a single ORF of 400 amino acid residues and encodes a putative protein with a predicted molecular mass of 44 kDa, which has been registered in GenBank with the accession number DQ073639. Amino acid sequence analysis indicated that NtbZIP contains a canonical bZIP motif including three heptad repeats of leucine in the zipper domain and a 23 amino acid sequence rich in basic amino acids of arginine and lysine immediately downstream. Comparison of the amino acid sequences of NtbZIP with homologs from other plant species revealed that four regions containing putative phosphorylation sites are highly conserved ( Figure 7A ). Moreover, Southern blot analysis suggested that there are two copies of NtbZIP in the tobacco genome ( Figure 7B ).
NtbZIP protein is exclusively localized to the nucleus and expressed in all plant organs
To confirm the possibility that NtbZIP protein acts as a nuclear factor, we examined the subcellular localization of the NtbZIP protein. The ORF of NtbZIP was fused to the upstream region of the green fluorescent protein gene, which acted as a fluorescent marker. 35S-GFP or 35S-NtbZIP-GFP plasmids were introduced into the onion epidermal cells by particle bombardment, and the GFP fluorescence was visualized using fluorescence microscopy. NtbZIP  415  PvbZIP  447  VvbZIP  416  AtAREB1  442  AtABI5 353 HvbZIP In the control, GFP fluorescence was distributed throughout the cells, while GFP-NtbZIP fusion proteins were localized exclusively in the nuclei ( Figure 7C ), indicating that NtbZIP is a nuclear protein.
In order to determine the expression pattern of NtbZIP in tobacco seedlings, northern blot hybridization analysis was performed. The results showed that NtbZIP transcripts were detected in the leaf, stem and root ( Figure 7D ). Based on previous studies that reported that several genes for plant bZIP protein are inducible by ABA (34, 35) , we then detected the expression pattern of NtbZIP in tobacco seedlings treated with 100 mM ABA for 48 h. The results indicated that the levels of NtbZIP mRNA were not changed after application of exogenous ABA ( Figure 7E ), suggesting that NtbZIP may represent a novel subclass of plant bZIP protein that is not regulated by ABA.
NtbZIP protein can transactivate the PNZIP promoter in tobacco leaves
To investigate the mechanism underlying the transcriptional regulation of the PNZIP promoter activity by NtbZIP, we determined the NtbZIP DNA-binding characteristics by EMSA by using the G-box of the PNZIP promoter. Recombinant NtbZIP protein was expressed in E. coli as a His-tag fusion protein and purified by affinity chromatography. As shown in Figure 8A , the Arabidopsis DREB1 (36) protein alone did not show any binding activity, whereas a strong mobility DNA-protein complex was formed with the recombinant NtbZIP protein. This complex was efficiently competed out with 200 and 500 molar excess of unlabeled G-box but not with 500 molar excess of mutated G-box. Taken together, these results suggest that NtbZIP specifically interacts with G-box of the PNZIP promoter in vitro.
To determine whether NtbZIP protein could transactivate the reporter gene transcription in plant cells, different effector constructs along with the Q5 or Q5-U-M construct were co-bombarded into tobacco leaves, respectively ( Figure 8B ). The results showed that expression of the NtbZIP cDNA in tobacco leaves could obviously activated Q5 activity, whereas the GFP and Arabidopsis DREB1 could not. Besides, NtbZIP did not affect Q5-U-M activity, indicating that NtbZIP protein could act as a transcription factor to regulate the PNZIP promoter activity ( Figure 8C ).
NtbZIP protein does regulate the expression of the NTZIP gene
Our previous study demonstrated that Pharbitis PNZIP shares high similarity of amino acid sequence and expression pattern with tobacco NTZIP (13) . And based on the fact that the NtbZIP protein specifically regulates the activity of the PNZIP promoter, we speculate that NtbZIP may regulate the expression of NTZIP in tobacco plants. To test this, construct of the CaMV35S promoter and NtbZIP coding region in normal orientation and construct of the CaMV35S promoter and partially nonconserved NtbZIP coding region in reverse orientation were regenerated and transformed into tobaccos. At least 30 transgenic lines harboring the sense NtbZIP cDNA were obtained and were phenotypically similar to wild-type plants. However, only three lines carrying the antisense NtbZIP cDNA were obtained because many transgenic buds died during growth and development, and the seedlings displayed yellow leaves and low growth rates compared with the wild-type tobacco plants. Northern blots showed that NTZIP mRNA accumulation was reduced in transgenic lines carrying antisense NtbZIP and increased in the lines harboring the sense NtbZIP compared with wild-type plants ( Figure 9) . Moreover, the level of chlorophyll in the leaves of the antisense plants was half that of wild-type controls or sense plants, whereas the ratio of Chl a/b did not change much ( Table 2 ), indicating that a chlorophyll deficiency occurred in the antisense lines. To determine whether the transition from MgPMME to Pchlide was aberrant in antisense plants, we measured the content of MgPMME and Phclide from wild-type, sense and antisense transgenic plants, respectively. The results showed that antisense plants could accumulate higher level of MgPMME compared with the sense and wildtype plants ( Figure 9B ). Taken together, all these results suggest that NtbZIP plays an important role in regulation of the biosynthesis of chlorophyll.
DISCUSSION
We have previously shown that PNZIP is a photosynthetically specific expression gene, and recent biochemical and genetic data have revealed that PNZIP and its homologs encode a special cyclase that plays an important role in chlorophyll biosynthesis in higher plants (9, (12) (13) (14) . Identification of cis-regulatory elements and their binding proteins constitutes an important part of understanding gene function and regulation. To our knowledge, however, there have been no reports about the regulatory mechanism of these genes to date. In this study, we employed tobacco, an efficient plant transformation system, to analyzed the cis-elements and trans-factors involved in PNZIP gene expression. Our results revealed that the presence of the G-box and GATACT element was necessary and sufficient for the specific expression of the GUS reporter gene (Figure 6 ). In addition, we have also identified a positive element, GAAATA, as well as a novel NtbZIP transcription factor ( Figure 5 ). Transgenic tobacco analysis showed that overexpression of the sense NtbZIP cDNA results in an obvious increase of the NTZIP expression, whereas suppression of NtbZIP leads to a decline of the NTZIP expression, which further causes yellow leaves and lower survival rates of tobacco plants (Figure 9 ), suggesting its important role in plant growth and development via specifically regulating chlorophyll biosynthesis.
The G-box element is a highly conserved DNA sequence that has been identified in the 5 0 -upstream region of plant genes exhibiting regulation by a variety of environmental signals and physiological cues (37) , and a family of plant basic leucine zipper proteins has been identified that interacts with G-box elements (26) . A perfect palindromic G-box element, 5 0 -CACGTG-3 0 , was found in the 5 0 upstream region of the PNZIP promoter ( Figure 1 ). We therefore presumed that the G-box element is a target for transcription factor controlling the high and specific expression of the PNZIP gene. Stable expression assays with 5 0 -and 3 0 -deletion constructs, however, indicated that the G-box is not a single dominant regulatory element responsible for the specific expression of the of the PNZIP gene and the downstream sequence is also necessary for high activity of the PNZIP promoter, suggesting that the G-box requires additional regulatory sequences for its functions.
The GATACT element, located in the downstream of the G-box and sharing the same core nucleotide with the GATA motif (Figure 1) , is similar to the I-box (5 0 -GATA AG-3 0 ) (31), and we thus designated it as an I-box-like element. The I-box element is less well characterized than the G-box and seems to be involved in light-regulated and circadian clock-related gene expression of photosynthesis genes (38, 39) . However, GATA motifs are found in (B) MgPMME and Pchlide levels. MgPMME and Pchlide were extracted from leaves and quantified by spectrofluorometry. The values are the means of three independent experiments, with error bars representing SE (n ! 3). Pigment contents of the extract were normalized to the total fresh weight (g FW) for each sample and the tetrapyrrole level is expressed as pmol/g FW. WT: wild-type tobaccos; antisense: independent transgenic tobacco lines harboring the antisense NtbZIP; sense: independent transgenic tobacco lines harboring the sense NtbZIP. some light-regulated gene promoters (38, 40) . The GATA motif in the Lhcb promoter has been reported to be involved in activating transcription in green tissue (39) . In tomato, the GATA motif has been shown to be an activating cis-element in the RBCS promoter (40) . Our further deletion analysis indicated that the GATACT element is crucial to the specific expression of the PNZIP promoter, and G-box and GATACT elements act cooperatively to confer the specific expression of the GUS reporter gene (Figure 8) . Therefore, combinatorial interaction of several elements plays an important role in the regulation of the PNZIP gene. Our deletion analysis showed that several distinct elements contribute to the high expression of the PNZIP promoter. The presence of multiple positive elements is a common feature of many eukaryotic promoters (41) . The Box-II element, 5 0 -GGTTAA-3 0 , has been found in promoters of genes involved in photosynthesis (28), flavonoid biosynthesis (42) and photomorphogenesis (43) . Deletion of the Box-II element within the region between -1415 and -1086 of the PNZIP promoter resulted in a 17% reduction of GUS activity in leaves (Figure 3) . One common feature in all Box-II elements is a core sequence of 4 or 5 nt, which consists of a 'T' or 'A' preceded by one or two 'G' nucleotides at the 5 0 end and is currently defined as 5 0 -G-Pu-(T/A)-TA-(T/A)-3 0 (44). It has been proposed that the high degeneracy of the Box-II element partly explains its diverse functions. In the bean chalcone synthase CHS15 promoter, it acts as a negative element (42) , but in the rice phytochrome PHYA, it acts as an activating element (45) . Thus, the Box-II element can exert positive or negative effects depending upon its position and association with other promoter elements. Interestingly, we also identified a novel positive element (GAAATA) in the PNZIP promoter. Although the GAA ATA element is similar to the Box-II element, the key nucleotides are quite different. Competition experiments in the EMSA clearly showed that the GAAATA element could be specifically bound to the nuclear extracts of the tobacco. Gain-of-function experiments revealed that the GAAATA element is a positive element ( Figure 5 ), implying that it may be a protein-binding site for regulating the transcription activity of the PNZIP gene.
The bZIP DNA-binding proteins have been intensively studied because they play roles in the regulation of several biological processes such as seed-storage gene expression (46, 47) , photomorphogenesis (48) , leaf development (49), flower development (50), abscisic acid (ABA) response (51) and gibberellin biosynthesis (52) . Plant bZIP proteins share a highly conserved basic domain and bind to target sequences usually containing the ACGT element (26, 53) . To date, many plant bZIP proteins have been characterized, such as GBF1-4, CPRF1-3, HBP-1a, TRAB1, ABI5, AREBs, GA2.2 and PPI1 (53) (54) (55) (56) (57) (58) (59) . In the present study, we isolated NtbZIP, which binds to the G-box of the PNZIP promoter and only shares a limited amino acid homology to ABI5 and ABER1. Interestingly, ABI5 and ABER1 are induced by exogenous ABA and mediate ABA-regulated gene expression in seeds and vegetative tissues in both monocots and dicots (60, 61) . However, northern blot analysis showed that NtbZIP is not induced by exogenous ABA, suggesting its special function compared to ABI5 and ABER1 ( Figure 7E ). In addition, transgenic tobaccos analysis demonstrated that constitutively expressing antisense NtbZIP gene resulted in a lower NTZIP mRNA accumulation and higher MgPMME level (Figures 9  and 10 ). We thus suggest that NtbZIP, as a novel bZIP transcription factor, might regulate chlorophyll biosynthesis by controlling the NTZIP gene expression.
In conclusion, our findings suggest that a combination of several regulatory elements determines the high and tissue-specific expression of the PNZIP gene, and also show that the NtbZIP protein can regulate chlorophyll biosynthesis to affect plant growth and development by controlling the NTZIP gene expression. Future studies will focus on further identification of the binding protein that specifically binds to the GAAATA element, which might provide new insights into the mechanisms for governing PNZIP gene expression. 
